SIMPLIFIED WATER-BAG TECHNIQUE FOR MAGNETIC SUSCEPTIBILITY 
MEASUREMENTS ON THE HUMAN BODY AND OTHER SPECIMENS 



The U.S. Government has a paid-up license in this invention as provided for by the terms 
of Contracts Nos. N 43-DK-7-2250 and N44-DK-9-2309, both awarded by the National Institutes 
of Health. 

CROSS-REFERENCE TO RELATED APPLICATION 
This application is a continuation in part of parent application S.N. 09/135,890, filed 
18 August 1998, now patent 6,208,884, issued 27 March 2001. 

BACKGROUND 

1 . Field of the Invention 

This invention relates generally to an instrument using room temperature sensors that 
measure magnetic susceptibility variations in the body, and more particularly to such an 
instrument employing an improved water-bag technique to eliminate background tissue response. 

2. Discussion of the Related Art 

Millions of people suffer from diseases related to the metabolism of iron in the human 
body. Among these are Cooley's anemia (also known as thalassemia), sickle cell anemia, and 
hemochromatosis. Magnetic susceptibility measurements are an important non-invasive 
technique for measuring iron stores in the liver. 

The need to obtain liver iron measurements is especially acute in the case of Cooley's 
anemia, or thalassemia. In this disease, where the blood is deficient in hemoglobin, patients must 
undergo blood transfusions in order to survive. These blood transfusions must be frequent (every 
2 to 4 weeks). However, the repeated transfusions create a chronic iron overload with an 
abnormal buildup of iron in the liver, spleen, and heart. Sickle cell anemic patients undergoing 
frequent blood transfusions also suffer from liver iron overload. There are other conditions 
which affect liver iron concentration leading to the need for accurate, frequent, non-invasive 

WSBSERVER\CLIENT\1502\088CON\PATENTAPPLICATiON.DOC - 1 - 



measurements of iron in the liver and other areas of the body. This iron overload must be 
removed continually by chelation therapy, and iron stores must be monitored regularly to 
maintain the desired levels. 

Biomagnetic susceptometry is a diagnostic procedure that involves noninvasive, 
radiation-free, direct, and accurate, measurement of the magnetic susceptibility of organs and 
tissue within a human or animal body. Biomagnetic susceptometry can be used to measure 
human iron stores contained in the liver. 

Some existing instruments for such measurements are based on Superconducting 
Quantum Interference Devices (SQUIDs). However, they tend to be complex and expensive. 
SQUIDs based on High-Temperature Superconductors (HTS) could, in principle, reduce the cost 
of biomagnetic susceptometry. However, even at liquid-nitrogen temperatures, the operating 
costs would be higher than those of ordinary instruments operating at room temperature. 

Presently available biomagnetic susceptometers have drawbacks in several different 
technical areas, as discussed below. 

A key problem in the susceptometric liver iron measurement is the background signal 
produced by the magnetic susceptibility of the patient's body tissues. This tissue background 
signal can be many times larger than that due to iron in the liver, and it varies according to the 
shape of the patient's body. This variability can easily mask the magnetic susceptibility signal 
due to liver iron. To eliminate this background tissue response, the common practice is to put a 
water-bag between the sensor unit and the patient's body. See Farrell et al., Magnetic 
Measurement of Human Iron Stores, IEEE Transactions on Magnetics, Vol. Mag. 16, No. 5, 
pp. 818-823 (Sept. 1980). 

It is useful to first describe the conventional water-bag method and discuss some of its 
important limitations. The biomagnetic liver-iron measurement uses a sensor unit comprising a 
magnetic-field sensor and a coil that produces a magnetic field. When this sensor unit is sitting 
by itself in empty space, the magnetic sensor sees only the applied magnetic field from the coil 
When the sensor unit is placed next to the patient's abdomen, the body tissues become slightly 
magnetized by the applied magnetic field, producing a small change in the magnetic field at the 
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magnetic sensor. This change in magnetic field includes a contribution due to iron in the liver, 
plus a contribution from the magnetic susceptibility of the body tissues themselves. 

The conventional water-bag method eliminates most of the error due to the susceptibility 
response of the body tissues. This method takes advantage of the fact that most body tissues 
have magnetic susceptibilities close to that of water. In existing biomagnetic susceptometer 
systems, the water-bag method works as shown in Figs 9A and 9B. Water-bag 91 is in the form 
of a flexible bellows which surrounds the lower end of sensor unit 92. Initially, the bellows is 
compressed as the patient's abdomen 93 is pressed up against the sensor unit. Then, the patient 
is moved down, away from the sensor unit (arrow 94), using a special non-magnetic, pneumatic 
table. As the patient is lowered, the bellows is filled with water, so that the magnetic 
susceptibility signal from the body tissues is replaced by an equivalent signal from the water in 
the water-bag. Hence, the magnetic sensor sees no net change in magnetic field due to the 
response of the body tissues. However, the iron in the liver has a susceptibility different from 
that of water. This difference in susceptibility produces a magnetic-field signal which changes as 
the patient's abdomen moves farther from the sensing unit. 

This method has some disadvantages. First, in prior water-bag systems a special 
mechanism is required to add or withdraw water form the water-bag, as needed to maintain 
constant pressure. Second, noise may be introduced into the magnetic susceptibility 
measurement because of variations in the way the water-bag fills. Additionally, the need to fill 
and empty the water-bag makes it difficult to make rapid changes in the distance between the 
sensor and the patient. This limitation is not a problem with existing low temperature 
biomagnetic susceptometers, which use extremely stable sensors operating at liquid-helium 
temperatures. However, in a room-temperature instrument, the patient-sensor distance must be 
modulated continuously, at a frequency near 1 Hz, in order to cancel out the effects of 
temperature drift in the applied-field coils and magnetic sensors. It would be very difficult to fill 
and empty a water-bag at this rate. The conventional water-bag method also makes it difficult to 
scan the magnetic susceptometer along the body, in order to map out susceptibility variations 
within the body. This scanning capability is potentially useful in the liver iron measurement, as a 
means of determining the possible susceptibility response of tissues surrounding the liver, such 
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as the lungs. Scanning measurements are also potentially useful in other applications such as the 
detection of ferromagnetic foreign bodies in a host. 

An important issue in a room-temperature biomagnetic susceptometer is to minimize the 
noise caused by various things such as temperature drift and motion, among others, in the sensors 
used to detect the susceptibility response of the body. 

SUMMARY OF THE INVENTION 

Broadly speaking, this invention provides a practical method and apparatus for measuring 
variations of magnetic susceptibilities in body tissue and, in particular, iron concentration in a 
patient's liver. This invention obviates the need for cryogenically cooled SQUIDs by providing 
operational use at room temperature, making for much less expensive fabrication and use. The 
invention allows, generally, for measurements of variations of magnetic susceptibility in a 
patient and, in particular, for an accurate and inexpensive way of monitoring liver iron in 
patients. The magnetic susceptibility measurements made in accordance with the invention have 
sufficient resolution to monitor iron in the liver, when the instrument is placed external to the 
patient. In addition, certain improvements introduced in this invention are applicable to all types 
of magnetic susceptibility measurements. 

The present invention concerns improvements in biomagnetic susceptometry techniques 
in at least three key areas: (1) the water-bag system used to minimize errors due to the 
background response of the patient's body tissues; (2) the type of sensors used to measure the 
magnetic susceptibility response in the room-temperature biomagnetic susceptometer; and (3) an 
electrostatic shielding technique to ensure that the sensor system responds to the magnetic 
susceptibility, and not the electrical capacitance of the patient's body. 

This invention includes an improved version of the water-bag method. This new method 
is cheaper, simpler and more accurate than prior water-bag techniques. It reduces or eliminates 
certain measurement errors due to the shape of the water-bag. Most importantly, the new method 
permits more rapid modulation of distance between the sensor unit and the patient's body. This 
more rapid modulation greatly reduces or eliminates noise due to temperature variations in the 
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measuring instrument, so that an inexpensive room-temperature sensor system can be employed 
instead of the expensive superconducting sensors used in previous biomagnetic susceptometers. 

The magnetic sensor can be, but is not necessarily limited to, a magnetoresistive sensor 
(including giant magnetoresistive and spin-dependent tunneling sensors), a fluxgate 
5 magnetometer, a magneto-inductive sensor, or an induction coil, among others. 

Research has shown that noise in magnetic susceptibility measurements can be improved 
by using multi-turn coils of wire to detect the magnetic susceptibility response. Such detection 
coils are referred to herein as induction coils because a changing or oscillatory magnetic field is 
detected by measuring the voltage induced in the coil due to the rate of change of the magnetic 
10 field. 

The room-temperature biomagnetic susceptometer of this invention uses an oscillatory 
m (AC) magnetic field to measure the magnetic susceptibility response of the body. In order to 
■ff ensure that the susceptometer detects the magnetic susceptibility response, and not the electrical 

-.ft? 

!** capacitance of the body, it is useful to ensure that the detection coil or other magnetic sensor is 

<y 15 shielded from electric fields. The oscillatory applied magnetic field in the susceptometry 

]2 measurement may have an amplitude of several gauss, and a frequency of several hundred hertz. 

This time-varying magnetic field may induce significant electric fields in the space surrounding 
m the applied-field coil. These electric fields can be capacitively coupled to the detection coils or 
■ Jp other magnetic sensors, producing a shift in the AC magnetic field measurement. When the 
M 20 sensor system is placed next to a patient's body, the electric fields may be distorted by the 

capacitance of the patient's body, producing a shift in the AC magnetic measurement, which 
depends on the presence of the body. This invention includes a method for preventing such 
effects, by shielding the magnetic sensors from electric fields. 

The applied field coil dimensions are such that an applied field is optimized for 
25 maximum response from localized tissue areas, such as organs, in the body. For example, the 
instrument is particularly suitable for monitoring iron in the liver. For this application, the 
applied field coil dimensions are optimized to maximize the magnetic susceptibility response 
from the liver and minimize effects caused by the overlying abdominal tissue, while not unduly 
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increasing the sensitivity of the probe instrument due to a lung being in close proximity to the 
liver. 

To minimize noise introduced in the magnetic sensor due to fluctuations in the applied 
field, the applied field is canceled at the position of the sensor. Both the real and imaginary parts 
of the applied field are canceled. To overcome variations in the sensor output caused by changes 
in ambient temperature and mechanical relaxation of the instrument, the sensor-sample distance 
is modulated by oscillating the detector assembly. In contrast with conventional biomagnetic 
measurement instruments that use SQUID sensors, where a patient is moved relative to the 
instrument, the magnetic sensor of this invention is moved relative to the patient. In one 
embodiment, the detector assembly has an applied field coil fabricated on a printed circuit board 
(PCB) that is attached to a solid non-metallic support base, which in turn attaches to an 
oscillatory member which displaces the detector assembly when used for examining a patient. In 
an alternative embodiment, the applied field coil is wound on a cylindrical coilform which in 
turn attaches to an oscillatory member which displaces the detector assembly when used for 
examining the patient. 

For field use a single medical instrument housing can incorporate the magnetic sensor 
control electronics a motor/crank rod (for example) arrangement for oscillatory movement of the 
distal end of the detector assembly, an applied AC field source signal generator, a lock-in 
amplifier, an audio amplifier, and an FFT spectrum analyzer or equivalent computer device for 
signal analysis. 

A physician uses the probing instrument by positioning the distal end of the probe on a 
patient's abdomen and preferably oscillating the detector assembly over the organ, and 
specifically over the liver area in one particular use. The probe instrument then analyzes the 
observed signal and outputs data corresponding to material of interest, for example, paramagnetic 
material concentration such as iron when the instrument is used as an iron probing instrument. 

BRIEF DESCRIPTION OF THE DRAWING 
The objects, advantages and features of this invention will become readily apparent from 
the detailed description, when read in conjunction with the accompanying drawing, in which: 
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Fig. 1 schematically shows features of the applied field coils with a magnetic sensor of a 
magnetic susceptibility detector in accordance with the invention; 

Fig. 2 is a perspective schematic view of the sensor field coils of the Fig. 1 configuration, 
showing the current directions; 

Fig. 3 is a view similar to Fig. 2, showing one planar coil-set with a magnetoresistive 

sensor; 

Fig. 4 is a schematic view of the applied field coil and sensor arrangement according to 
the invention; 

Fig. 5 is a plan view of an example of the actual coil geometry of the detector assembly 
of Fig. 4; 

Fig. 6 is a block diagram of the interface assembly components incorporated with the 
coils of Figs. 4 and 5; 

Fig. 7 is a block diagram with an applied field current source and analyzing components 
used in the probing instrument of the invention; 

Fig. 8 shows an exemplary perspective view of the probing instrument of the invention in 
relation to a patient being examined; 

Figs. 9A and 9B schematically show different positions of a prior art representation of a 
water-bag arrangement used with prior art magnetic susceptibility measuring devices; 

Fig. 10 is a schematic representation of the water-bag arrangement of the invention; 

Fig. 1 1 shows how a reference signal may be developed for comparison when making 
measurements with the Fig. 10 embodiment; 

Fig. 12 is a side view separately showing the water-bag configuration of Fig. 10; 

Figs. 13A and 13B schematically show different positions of an alternative water-bag 
arrangement of the invention; 

Fig. 14 is similar to Fig. 10, showing lateral motion of the sensor of the invention; and 

Fig. 15 shows a coil form sensor of the invention in relation to a tissue sample; 

Fig. 16 is a partially cut away perspective view of an electrostatic enclosure housing the 
coil of Fig. 15 and showing a balance coil; 

Fig. 17 is a top view of the housing of Fig. 16; 
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Fig. 18 shows in plan view some of the printed circuit boards from which the housing of 
Fig. 16 is formed; 

Fig. 19 is an enlarged, partial cross sectional view of a board from Fig. 18; 

Fig. 20 shows a modified version of the plate of Fig. 10; 

Fig. 21 is a schematic structure for pressing the water bag onto a patient; and 

Fig. 22 is a block diagram of a simplified circuit incorporating the balance coil shown in 

Fig. 16. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention relates to a room-temperature medical probing instrument that 
measures variations of magnetic susceptibility. In particular, an exemplary liver probing 
instrument is described that has sufficient resolution to monitor liver iron in patients. The probe 
instrument of the invention can make magnetic susceptibility measurements with an uncertainty 
corresponding to a liver-iron concentration of about 30 micrograms per milliliter. This 
instrumental resolution is roughly ten times lower than the normal liver iron concentration, and 
thirty times lower than the iron concentration typically maintained in patients undergoing iron 
chelation therapy. Thus, an inexpensive room-temperature biomagnetometer, as discussed below, 
provides routine, cost-effective, non-invasive monitoring of iron in a patient's liver or other 
paramagnetic material as one device according to the invention. 

The noise of the room-temperature instrument is small compared to the uncertainties 
(typically 200 - 500 micrograms/ml) that are actually achieved in liver-iron measurements on 
real patients. These uncertainties are caused mainly by the magnetic response of tissues between 
the liver and the abdominal surface. For a room temperature system, as for existing instruments 
based on SQUID sensors, this abdominal tissue effect, and not the noise in the magnetic sensors, 
determines the precision of liver-iron measurement. Because the crucial limitation in the 
sensitivity of the liver-iron measurement is imposed by the tissue response rather than the noise 
of the sensor itself, the somewhat higher noise of the room temperature functioning magnetic 
sensor compared to a SQUID is not a limiting factor in the performance of the instrument. 

Performance of the room-temperature liver instrument depends on two critical issues: 
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1 . The instrument has to be sensitive enough to see the small magnetic 
signals produced by the magnetic susceptibility of the liver; and 

2. The liver susceptibility has to be determined accurately in the presence of 
the interfering signal produced by the slight magnetic susceptibility of the 
abdominal wall and other surrounding tissues such as the lung. 

In magnetic susceptibility measurements, a magnetic field is applied, inducing a 
magnetization in the tissue area of interest. A small magnetic field produced by this sample 
magnetization is then detected using a magnetic sensor. At low applied fields, the sample 
magnetization is proportional to the intensity of the applied field and to the magnetic 
susceptibility of the sample, that is, the tissue. 

In liver susceptometry, very weak susceptibilities are encountered. The difference in 
magnetic susceptibility between the liver and surrounding tissue is proportional to the liver iron 
concentration. The main iron compound stored in the liver has a susceptibility of approximately 
1 .6 x 1 0" 6 (in SI units) per milligram of iron per gram of wet liver tissue. Patients with iron 
overload typically have several milligrams of iron per gram of wet liver tissue. The instrumental 
noise of existing SQUID biosusceptometers corresponds to an uncertainty of about 
20 micrograms per gram in liver iron concentration. Factors including uncertainty in the 
magnetic susceptibility of surrounding tissues contribute sources of systematic uncertainty in 
clinical liver measurements. Clinical measurements with existing SQUID-based instruments 
achieve uncertainties in the range of 0.2-0.5 milligrams of iron per gram of liver, which 
corresponds to a magnetic susceptibility resolution of (3-7) x 10" 7 (SI Units). 

To detect the weak magnetic response of the liver, there are two technical issues: 

1 . Minimization of noise in the detector magnetic-field sensors (and, to a 
lesser extent, the background noise from the environment) so that detection of the 
magnetic response can be performed without applying excessively large fields; 
and 

2. Ensuring that the spurious signals due to the applied fields are small 
compared with the desired magnetic susceptibility signal. 
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Sensor noise requirements: To measure a given magnetic susceptibility, the applied 
field must be large enough and the noise from the magnetic sensor must be low enough so that 
the magnetic susceptibility response is much greater than the sensor noise. When using a 
room-temperature instrument, the applied field is limited by the need to avoid excessive ohmic 
5 heating in the applied field coils of the detector assembly. Excessive heat loads can induce 
thermal drifts in the geometry of the applied field coils. As discussed below, such drifts could 
affect the ability to suppress spurious signals due to the applied field. However, an applied 
magnetic field of roughly 10" 3 T to a sample tissue does not incur excessive thermal drift effects. 
If a field of 10" 3 T is applied, and the magnetic field due to the response of the sample is 
10 10" 7 times the applied field, then the magnetic sensor noise must be less than 10~ 10 Tesla. Such 
noise requirements can readily be met using room-temperature functioning magnetic sensors. An 
^ induction coil sensor is employed in one embodiment of this invention. A fluctuating magnetic 
h H field in the vicinity of the induction coil sensor induces a electrical voltage across the sensor 
which can be measured to determine the strength of the fluctuating magnetic field. Another 
Hdi 15 sensor that can be used in the invention is a magnetoresistive (MR) sensor with very low noise. 
JrJ Such sensors are commercially available from Honeywell, Philips, and other companies. The 
- m MR sensor operates on the principle that the resistance of particular magnetic materials (such as 
hi permalloy, an alloy of nickel and iron) is a function of the ambient magnetic field. Changes in 
y the magnetic field result in changes in sensor resistance which can be measured and quantified. 
P 20 MR sensors developed by Kodak have noise spectral densities below 30 pT/Hz 1/2 at frequencies 
above 20-30 Hz. Similar noise levels are achieved by MR sensors commercially available from 
Honeywell. With a measurement bandwidth of 0.1 Hz (three seconds of data averaging) these 
sensors exhibit an RMS sensor noise of 10" 11 Tesla. This noise level is ten times below an 
estimated liver iron signal of 10" 10 Tesla. A variety of other sensor types could also meet the 
25 requirements of the present invention, including sensors based on magnetoresistance (such as 
magnetoresistive and giant magnetoresistance sensors and spin dependent tunneling sensors), as 
well as fluxgate magnetometers and magnetoinductive sensors. 

To measure magnetic signals below 100 pT, care is required to reject magnetic noise 
from the environment. The requirements for noise rejection are less stringent in the present 
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invention than in the existing SQUID biosusceptometers. The SQUID systems use DC magnetic 
fields, and produce a DC magnetic susceptibility response. These systems convert this DC 
magnetic response into a time-varying magnetic signal by moving the patient up and down at a 
frequency of 0.5 Hz. However, even with this modulation, the measurement takes place at a 
5 rather low frequency. At such frequencies, the background noise in many environments is 
relatively large. 

The room-temperature system of this invention applies an AC magnetic field at a 
frequency between about 25 and about 2,000 hertz, and detects the magnetic response at the same 
frequency. At these frequencies, environmental background fluctuations are usually small, as 
10 long as noise peaks at harmonics of the power-line frequency are avoided. 

Magnetic signal measurements needed for the liver probe instrument are 10 7 times 
Q smaller than the field applied to a patient's body. In making such a measurement, technical 
m issues include the stability of the applied magnetic field, the stability of the magnetic sensors, 
]Z and the geometrical stability of the magnetic-field coils and sensor array. 

%J i5 In one embodiment the instrument of this invention is designed so that fluctuations of the 

O current in the applied-field coil have only a negligible effect on the magnetic measurements. The 
HU invention uses a detector assembly whose applied field coil is geometrically configured such that 
W almost no magnetic field occurs at a location where the magnetic sensor is positioned in relation 
; J to the applied field coils. If the magnetic sensor were exposed to the full amplitude of the 
2 20 applied field, then the current in the field coils would have to be stable to at least one part in 10 7 
to resolve the weak magnetic signals observed in biomagnetic susceptibility measurements. 
However, if the sensor observes only 10" 4 of the field applied to the sample, the coil current can 
vary by as much as one part in 10 4 , and the corresponding variations in the magnetic 
measurements are then only 10" 8 of the field applied to the sample. 
25 In a second embodiment, the magnetic field response is detected by a set of two coils 

connected in series, equal in area, but oppositely wound, and oppositely spaced from the 
excitation coil on a cylindrical coilform in a first-order gradiometer configuration. Since the 
equal and opposite sensor coils are placed symmetrically with respect to the excitation coil, there 
is no net signal (voltage) induced in the sensor due to the excitation field. However, when one of 
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the sensor coils is placed closer to the sample which is excited by the applied field, the sensor 
coil close to the sample preferentially detects more signal from the sample compared to the 
sensor coil farther away and therefore a net signal from the sample is induced in the sensor. The 
invention described herein combines a gradiometer sensor coil and an excitation coil with 
5 reciprocating motion of the detector in order to reduce noise due to thermal fluctuations and 
thereby enable the measurement of induced fields which have an amplitude of one part in ten 
million (10 7 ) of the applied field. A second innovation in this embodiment is the placement of an 
electrostatic shield around the sensor coil to eliminate the noise due to the electrostatic coupling 
between the sensor and the sample. One skilled in the art would know that the coil arrangement 
10 described above can be made using coilforms of different diameters and lengths, as well as 
different coil separations. One skilled in the art would also know that the sensor coil can be 
pl made using other gradiometer configurations, including second-order or higher-order 
k B gradiometers, which will not sense the applied field but will preferentially detect the signal from 
H the sample (for example, by using more than two sensor coils, symmetrically placed about the 

STS 

%a 15 excitation coil). 

S Figs. 1, 2 and 3 show an applied field coil and magnetic sensor design and system for 

<L determining FFB objects. Detector assembly 10 makes use of the technical principles discussed 
yj above. This detector assembly provides magnetic susceptibility measurement information 
I7i available for the detection of retained ferromagnetic foreign body (FFB) object(s), that is, 
p 20 metallic objects inside human tissue, as a way of screening patients prior to magnetic resonance 
imaging (MRI) or other medical procedures. 

The present invention teaches a different detector assembly configuration that improves 
the noise of the magnetic susceptibility measurements and optimizes response from the liver with 
respect to an interfering signal from overlying abdominal tissue and the lung. System 
25 components also include equipment for using magnetic measurement signals from the sensors to 
detect and locate ferromagnetic objects, and for distinguishing the signals of the target objects 
from other interfering magnetic fields. 

Figs. 1, 2, and 3 collectively show prior art detector assembly 10 which is intended to be 
placed near the body region to be screened. Applied field coils 18, when supplied with current 
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from current signal generator 22, generate a time-varying applied magnetic field to the body. 
The magnetic material in the body region responds, providing a small magnetic field that is 
detected by sensor 24 (shown in Fig. 3) or array of sensors (not shown) positioned adjacent to the 
body region. Together, applied field coils 18 and sensor(s) 24 allow measurement of anomalies 
in the magnetic susceptibility of the body region being screened. In particular, the geometry of 
the applied field coils and the placement of the magnetic sensors are such that the interfering 
applied field experienced by magnetic sensor 24 is as small as possible. As discussed earlier, this 
arrangement reduces the interfering signal produced by the varying magnetic field. The detector 
assembly consisting of sensor(s) 24 and coils 18 can be stationary, or can be movable to generate 
a magnetic susceptibility anomaly map over the body part being screened. The intensity and the 
time dependence or frequency dependence of the magnetic susceptibility anomaly can be 
interpreted rapidly by a signal processor to reveal the location and size of ferrous metallic objects 
retained within the screened body region. 

The applied magnetic field may be several orders of magnitude larger than the signal of 
the FFB object(s). One arrangement of device 10 is to configure applied field coils 18 so that the 
applied field is nearly canceled out in regions within the device, within which magnetic sensors 
24 are positioned and attached (Fig.l). Applied field coil element 12 is laid out on the surfaces 
of two printed circuit boards (PCBs) 14, 16. The two PCBs are placed parallel to each other, 
with the magnetic sensors placed between the boards. Each PCB 14, 16 accommodates a 
multiplicity of parallel, evenly spaced current paths 19 traveling in one direction in the center 
region of the board, with return paths 20 along the outer edges of the board, approximating two 
spiral patterns. The spiral patterns on one PCB are connected in series so that, when a current is 
passed through them, the resulting electric current distribution approximates a uniform sheet of 
current flowing in the Y-direction as shown in Fig. 1, over a substantial region near the center of 
the board. This region of the board is roughly defined by the area between the markers A- A in 
the X-direction and between the markers B-B in the Y-direction. This current distribution 
produces a magnetic field that is nearly uniform over a region of space near the center of the 
board. The two boards 14, 16 of this design are placed parallel to each other, with this 
relationship being shown. The PCBs are separated by a distance S which is small compared with 
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the length and width of the central region of uniform current, The two PCBs are mounted so that 
the current paths 19 on one board are oriented parallel to the corresponding current paths on the 
other board. The current paths on the two boards are then connected in series to AC signal 
generator 22, so that the current flows in the same direction on both boards, the Y-direction in 
5 the arrangement shown. Signal source 22 can be equipped with a control device, as is known in 
the art, to cause the field to be pulsed, to be time varying, or to have a waveform with multiple 
frequencies. These time variations in the applied field can assist in distinguishing the responsive 
field from the environmental background fields, by synchronization of the sensing circuitry with 
the power supply. In a region surrounding the centers of the two PCBs 14, 16, the magnetic field 
10 produced by this arrangement approximates that produced by a pair of parallel, uniform sheets of 
current flowing in the Y-direction. In the space between the centers of the two PCBs, the net 
p magnetic field is nearly zero since the contributions from the two current sheets approximately 
]5s cancel each other. There is a small residual magnetic field, since perfect field cancellation is 
H : prevented by the finite size of the regions of the current sheets and the presence of return paths 
SJ 15 20 along the outer edges of the PCBs. However, due to the symmetry of the current paths in the 
!S two PCBs, the magnetic field is substantially zero in the plane midway between two PCBs. 
;L Magnetic sensor(s) 24 are placed in a plane parallel to PCBs 14, 16, with the plane of the sensors 
W being located at the midpoint MP between the PCBs, so that the sensors are nearly in a zero field 
*y state with respect to magnetic fields generated by applied field coils 18. 

"rf 20 Fig. 2 shows another view of the field coils with magnetic sensor, which could be an MR 

sensor, placed in a low-field region sandwiched between parallel circuit boards 14 and 16 as 
shown in Fig. 1. The current paths are shown with lines and arrows. The central region of each 
circuit board contains a number of parallel, evenly spaced traces 19 which are connected in series 
and which carry identical applied field currents. 
25 Fig. 3 shows where sensor 24 is placed with respect to applied field coil 18. The top coil 

has been removed to show sensor positioning. The arrow on sensor 24 indicates the direction of 
its field sensitivity. Two methods are used to null out the field at the sensor location. First, a set 
of shims is used to adjust the position of the sensor between the two current sheets. This 
adjustment is needed because the applied field, given the finite size of circuit boards 14, 16, is 

\\SBSERVER\CLIENTM502\088CON\PATENT APPLICATION DOC -14" 



zero only on the plane of symmetry midway between the two current sheets. With this coarse 
adjustment, a reduced residual field occurs at the sensor to a value roughly 300 times smaller 
than the field at the outer surface of the coil set. A fine balance adjustment is made by placing 
small tabs of metal near the sensor. By using balance tabs of both steel and aluminum foil, the 
5 in-phase and the out-of-phase components are canceled out of the magnetic field with respect to 
the AC current supplied to the applied field coil. A reduced residual field to a level roughly 
30,000 times smaller than the field at the outer surface of the coil set occurs when current is 
applied. Any noise due to the variations in the AC supply is less than 10 s of the field applied to 
an examined sample, that is, the tissue. 
10 In detector assembly 10, geometrical variations of applied field coils 1 8 and sensor(s) 24 

are important effects that this field-nulling system cannot remove. Temperature variations may 
O cause subtle distortions in the geometry of the applied-field coils, or in the position of the 
;S magnetic sensor within the coils. Such distortions can perturb the balance of the field-canceling 
I s * system, producing noise in the magnetic measurements. 

SI 15 The detector assembly provided herein minimizes effects caused by geometric distortion 

of the detector assembly by modulating the distance between a tissue of interest and the 
1. instrument's detector assembly at up to several hertz, with displacement of the detector assembly 
jlj up to six inches. The change in the magnetic signal at the modulation frequency is then 
m measured. The invention departs from methods used with conventional SQUID devices by 
P 20 moving detector assembly 10 while the patient remains stationary. The instrument herein 

performs this function by mounting the detector assembly, which includes applied field coils 1 8 
and sensor 24, on a nonmagnetic platform, and oscillating the detector assembly back and forth 
at several hertz using a motor to drive a mechanism for producing that oscillatory movement. 
This mechanism can be a cam driven, spring biased plate, where the cam member is belt driven 
25 by the motor, or a reciprocating rod where the detector assembly is mounted to a plate that 

oscillates by a linear drive member, among others. Other reciprocating motion-type devices can 
be used as well to provide proper oscillatory motion with displacements of up to and around six 
inches, at motion frequencies up to and around 10 hertz. The detector assembly is mounted in a 
housing that provides support and positioning for the instrument. The housing and the 
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components of the oscillatory motion mechanism are made of nonmetallic, nonmagnetic 
materials. Signal analysis described below extracts information from the signal output from 
magnetic sensor 24 that preferably determines iron concentration in a patient's liver. 

The ability to move detector assembly 10 instead of the patient is significant since the 
5 overall instrument is much simpler and less expensive. Moving a SQUID type magnetic sensor 
is not permitted since any magnetic gradients in the environment produce signals that interfere 
with the direct current magnetic response measurements. These ambient magnetic gradients do 
not present problems in the measurements of this invention since AC applied fields are used. In 
addition, the room temperature sensor(s) 24 have much more tolerance compared to SQUIDs 
10 when being moved in the presence of the earth's magnetic field. 

Another feature of the invention is the ability to measure weak variations of the magnetic 
13 field response of tissue, preferably the liver. For optimizing signal response when observing the 
iS liver response with respect to the noise of the magnetic sensor, it is necessary that the applied 
K field penetrate more deeply into the body than is possible with applied field coils 18 in detector 
^ 15 assembly 10. Also it is desirable to maximize the magnetic response from the liver with respect 
O to the magnetic response from the overlying abdominal tissue and from the nearby lung. Most 
body tissues have weak diamagnetic susceptibilities similar to that of water, roughly -9.0 x 10" 6 
y in SI units. This diamagnetic response is actually 30 times greater than the 3.0 x 10" 7 SI units 
>J that corresponds to liver iron at concentrations of around 0.2 milligrams per milliliter. The 
U 20 applied field coil of the present application optimizes the liver response with respect to the sensor 
noise and with respect to the interfering signals from the abdomen and the lung. 

Figs. 4 and 5 show the configuration according to one embodiment of the invention of an 
applied field coil arrangement 35 with a geometrical design that optimizes a response signal from 
the liver. Such a design adjusts the diameter of the applied field coil 26 to control how deeply the 
25 applied AC magnetic field penetrates into the patient's body. A circular coil of radius "a," for 
example, produces a field that falls off rather slowly out to distances comparable to "a," and then 
decays as 1/ r 3 at longer distances. Main field coil 26 allows for measurement of the liver 
response and evaluation of the response due to the susceptibility of the overlying abdominal 
tissues. Middle coil 30 may be optionally used in order to measure the signal from the 
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overlaying abdominal tissue, since the AC field from coil 30 will not penetrate as deeply as the 
field from coil 26. 

Fig. 5 shows the applied field coil arrangement of one embodiment of the detector 
assembly as it would exist on the PCB. The detector assembly comprises either two concentric 

5 circular spiral coils 26 and 28, or three concentric circular spiral coils 26, 28 and 30, but can 
include additional coils for designs that encompass the concept of the present invention. Fig. 5 
shows the first coil 26, with a relatively large diameter, which produces a field that reaches deep 
into a patient's body. The resulting magnetic susceptibility response contains contributions from 
both the liver iron and the abdominal tissues. The diameter of coil 26 maximizes the liver iron 

10 contribution and minimizes the abdominal tissue contribution, so that variations in the 

susceptibility of the abdominal tissue have as little effect as possible on the measurement of liver 
susceptibility. A mean diameter in a range of around 15-50 cm for outer coil 26 has been found 
to be effective for proper liver iron measurements of a patient. However, subsequent work 
indicates that a somewhat smaller coil diameter, in the range of 5 to 15 cm, is preferred, in order 

1 5 to reduce the volume of tissue contributing to the susceptibility measurement and thus reduce 
possible errors due to the magnetic susceptibility response of the lung. 

During magnetic susceptibility measurements small, innermost applied field coil 28 is 
connected in series with outer coil 26 in such a way that the current in inner coil 28 is in the 
opposite direction from that in the outer coil. The diameters and numbers of turns in the two 

20 coils are adjusted so that the magnetic field due to the inner coil cancels the magnetic field due to 
the outer coil in a region near the common center of the two coils, producing a small zone of 
substantially zero magnetic field. The magnetic sensor (24 in Fig. 4) is then placed in this zone 
of substantially zero magnetic field so that, as discussed above, fluctuations of the current in the 
applied field coils produce very little noise in the magnetic susceptibility measurements. The 

25 inner coil typically has a mean diameter of about 1.5 to 8 cm. Since the magnetic field due to the 
small, innermost coil 28 dies away rapidly with distance, the magnetic field in the patient's body 
tissues is produced almost entirely by outer coil 26. 

Fig. 5 also shows intermediate-diameter coil 30, which can optionally be used in place of 
the outer coil 26 to produce a magnetic field that reaches a relatively short distance into the 
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patient's body. Magnetic susceptibility measurements made using intermediate-diameter coil 30 
will produce a magnetic susceptibility response whose main contribution comes from the 
patient's abdominal tissues. The results of these measurements can be used to evaluate the 
magnetic susceptibility of the abdominal tissues. This information can then be combined with 
5 the results of magnetic susceptibility measurements made using outer coil 26 to evaluate the 
magnetic susceptibility of the liver, while removing errors due to the susceptibility of the 
abdominal tissues. However, in another embodiment as discussed later herein, a water-bag is 
used instead of coil 30 to reduce errors in the liver susceptibility measurement due to the 
response from the abdominal tissue. 
10 In magnetic susceptibility measurements made using intermediate-diameter coil 30, this 

coil is connected in series with small, inner coil 28 in such a way that the magnetic field is 
O canceled at the location of the magnetic sensor. 

IB Exemplary relative dimensions of the three concentric coils that make up the applied field 

m coil are shown in Fig. 5. Each coil consists of one or more concentric loops. The number of 
^ 15 loops in each coil is proportional to its diameter. This ensures that if any two coils are energized 
Q with equal but opposite current, the field at the center will be zero. This equal and opposite 
n current is realized by making the appropriate electrical interconnections between the inner and 
K outer coils and applying current to the two coils using the same current source. In a preferred 
h '"4 embodiment, there are only two concentric coils 26 and 28, and outer coil 26 has about two times 
hi 20 the diameter of coil 28 and about two times as many turns. In order to achieve the desired zero 
field in the center, minor adjustments can be made in various physical aspects of the coil 
arrangement to account for expected tolerances. 

Applied field coils 26, 28, 30 can comprise traces on a printed circuit board. To generate 
the maximum field for a given current magnitude, similar coil sets can be positioned on both 
25 sides of circuit board 14, thus doubling the number of turns of each coil. In addition, stacks of 
circuit boards 14 can provide a sufficiently strong field to the examined tissue sample without the 
excessive ohmic heating (and the resulting undesirable thermal drifts) that can occur if too large a 
current is passed through a single circuit board. Alternatively, the printed circuit board can be 
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replaced by wires, metal rods, or other electrical conductors supported by a rigid support 
structure that maintains the appropriate spatial relationship of the current carrying elements. 

PCB 14 can be formed with a suitable number of holes for bolting individual boards 
rigidly to a solid G-10 fiberglass plate for structural stability, for example. Larger noncircular 
5 holes could be used to facilitate electrical connections between coils 26, 28, 30 on the stacked 
circuit boards. A hole at the center of the coil set allows for placement of a sensor 24 in a low 
field region close to the sample. A magnetic sensor is placed in the appropriate orientation so as 
to sense magnetic fields normal to the plane of the applied field coils (as indicated by Fig. 4). In 
this zero-field region, the sensor is practically immune to the applied field directly and only 
10 senses the body's response to the applied field. 

As an example of the Fig. 5 configuration, outer coil 26 could consist of eight equally 
h*i spaced concentric loops with a mean diameter of about 10 cm. Inner coil 28 would then have 
;Jf four equally spaced concentric loops with a mean diameter of about 5 cm. This applied field 
M coil design ensures that when any pair of coils is energized with equal and opposite current the 

s.JJI 

Q 15 applied field at the center of the coils is zero. 

y In an alternative embodiment shown in Fig. 15, sensor unit 1 5 1 includes applied field coil 

^ 152 consisting of a coil wound on a coilform 153 made of a non-magnetic and non-metallic 
flj material (such as fiberglass). The sensor comprises two equal and oppositely wound coils 154 
I'f* and 155 which are configured symmetrically about applied field coil 152, both physically and 
P 20 electrically. This arrangement of the sensor coils constitutes a first-order gradiometer. Because 
of the symmetry of the sensor coils about applied field coil 152, they sense approximately the 
same amount of magnetic field. Moreover, because the two sensor coils are equally and 
oppositely wound, the induced voltage in each of them due to an AC magnetic field from the 
applied field coil is equal but opposite in sign. Hence the net voltage across both the sensor coils 
25 is substantially zero or close to zero. Hence the sensor coils are insensitive to the field applied 
by the applied field coil. 

In order to measure the magnetic response from a sample, the sensor unit can be 
positioned with respect to sample 156 as shown in Fig. 15. This results in sensor coil 155 being 
closer to the sample compared to sensor coil 154. Hence the magnetic response of the sample is 
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sensed at sensor coil 155 more strongly than that at coil 154. Correspondingly, the voltage 
induced at coil 1 55 is larger than that induced at coil 1 54. This results in a net voltage induced 
across the sensor coils. Therefore the gradiometer arrangement of the sensor coils allows for 
rejection of the response due to the applied field coil while at the same time being sensitive to the 
magnetic response from the sample. A similar result will be obtained by placing the sample 
close to coil 154 instead of coil 155. 

Those skilled in this art will realize that there are other gradiometer configurations with 
more than two sensor coils which also provide for the rejection of the applied field while at the 
same time being sensitive to the signal from the sample. An example of such alternative 
configurations would use an applied-field coil wound as a first-order gradiometer, and a 
detection coil wound as a second-order gradiometer. In such a design, the detection coil would 
comprise two coils with equal areas and numbers of turns, wound in the same direction and 
placed at each end of the coil form, in series with a second coil, midway between the first two, 
which is wound in the opposite direction and has twice the number of turns as the first two coils. 
The applied-field coil would comprise two oppositely wound loops of equal area and having 
equal numbers of turns, placed at equal distances from the center coil of the second-order 
gradiometer. 

In order to achieve the necessary sensitivity to accurately measure the iron content in the 
liver, sensor unit 151 needs to be reciprocated with respect to the sample, like the sensor unit 
depicted in the embodiment of Fig. 8. Note also, that sensor 151 of Fig. 15 could be used in 
place of sensor 24 in the schematic depiction of Fig. 4. This reciprocating action allows for the 
mitigation or elimination of noise due to thermal effects. Also, sensor unit 151 can be more 
prone to electrostatic noise (due to electrostatic coupling between the sensor and the sample) than 
sensor unit 14 of Figs. 4 and 5. To reduce or eliminate this noise an electromagnetic shield is 
placed around the sensor unit. Fig. 16 shows the placement of octagonal electromagnetic shield 
161 around sensor unit 151 and between the sensor unit and the sample to be measured. The 
sample is placed below the shield shown in Fig. 16. The electrostatic shield consists of 
conducting material laid out in the form of thin strips connected in a branching pattern, so as to 
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avoid loops of conductors which will result in any significant electromagnetic shielding of the 
sample from sensor unit 1 5 1 . A top view of the shield unit of Fig. 1 6 is shown in Fig. 1 7. 

One possible configuration of an electrostatic shield is shown in spread out form in Fig. 
18. Here, thin conducting strips 181 are laid out on the surface of a set of printed circuit boards 
(PCBs) 182, 183, 184 (see Fig. 19). The electrostatic shield consists of a octagonal box with 
eight side PCB panels 184 (only one is shown), and one top (182) and one bottom (183) PCB 
panel. Each PCB panel consists of closely spaced (0.25 mm), thin (0.25 mm) traces 181 of 
conductor covering the extent of the panel in a tree like arrangement, with branches radiating out 
but never forming a conducting loop. The thin conductor traces and the absence of conducting 
loops prevents the panel from acting as an electromagnetic shield due to induced eddy currents 
(which could attenuate or phase shift the AC magnetic fields used in the magnetic susceptibility 
measurements) while at the same time maximally covering each panel with conductive material 
to provide electrostatic shielding between the sample and the sensor coil. The ten PCB panels 
are suitably electrically connected to each other in order to provide a continuous electrostatic 
shield to the sensor unit while avoiding continuous loops of conductor that would produce 
electromagnetic shielding effects. Appropriate holes are provided in the electrostatic shield 
panels for leads to connect from the enclosed sensor unit to the appropriate electronics. While 
the use of the electrostatic shield is more beneficial for the gradiometer sensor coil design, it may 
also be used with suitable geometrical modifications for the PCB coil design of Figs. 4 and 5. 

An additional desirable feature of the design shown in Fig. 18 relates to the width of the 
conducting strips, and their placement on the two sides of the printed-circuit board. In order to 
minimize eddy-current effects, it is desirable to make the conducting strips as narrow as possible. 
However, limitations of PCB fabrication technology make it impractical to use strips narrower 
than approximately 0.01 inch, or separations less than about 0.01 inch between strips. When the 
electrostatic shield is laid out with the strips as narrow, and as closely spaced as is practical, the 
gaps between the conductive strips cover an area comparable to the strips themselves. In this 
case, in order to maximize the effectiveness of the electrical shielding, it is desirable to place 
strips on both sides of the PCB, in a staggered manner such that the strips on one side of the PCB 
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cover the gaps between strips on the other side of the PCB. This is shown in the cross section of 
Fig. 19. 

By way of example, the coil sensor of Figs. 15 and 16 could be about 7 cm in diameter 
and have an axial length of about 5-15 cm. The enclosure of Fig. 16 would then have a diameter 
5 of about 8 cm and would have sufficient length to enclose the coil sensor. 

While the applied field is mostly cancelled at the sensor coils due to their symmetric 
placement about the applied field coil, this cancellation is not usually complete since it is not 
possible to achieve perfect symmetry in the construction of the sensor coil. In view of this an 
additional "balance" coil 186 (Figs. 16 and 17) is used to improve the cancellation of the applied 
10 field at the sensor. In one implementation shown in Fig. 16, balance coil 186 consists of 10-20 
turns of insulated copper wire on a non-metallic, non-magnetic (for example, fiberglass) 
re cylindrical coilform 187 about 1-1.5 inch in diameter. The balance coil is connected in series 
h 0 with the applied coil sensor and can be moved longitudinally (axially) so as to modify the 
fi coupling between it and one of the sense coils. This motion may be simply achieved by any 
m 15 suitable device. Coilform 1 87 may be mounted to a suitable bracket, shown as a wedge in Fig. 
§ 17, which may be movably mounted in a channel (shown V-shaped) arranged parallel to the 

longitudinal axis of coil sensor 151. This adjustable mounting structure is referred to by numeral 
bj 1 88. By modifying this coupling appropriately, one can achieve improved cancellation of the 
!!! residual field which is in phase with the applied field at the sensor coils. The residual out-of- 
0 20 phase component is cancelled by placing appropriate conducting, but non-ferromagnetic, tabs 
(for example, copper) on the coilform. There are alternate methods other than the use of a 
movable balance coil to achieve improved cancellation of the applied field. One alternative 
method includes the use of ferromagnetic tabs (for example, steel or mu-metal) to improve the 
cancellation of any residual signal from the sensor coils in phase with the applied field. A third 
25 method would be to involve electronic sensing of the imbalance in the sensor coils and provide 
and use a feedback circuit to provide a compensating current at the appropriate phase to the 
applied field signal to a compensation coil in order to cancel out any in-phase or out-of-phase 
residual field at the sensor coils. These residual field cancellation methods can be used with 
either of the embodiments of the sensor unit described herein. 
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A basic block diagram of a sensor system employing electronic field compensation with 
the balance coil of Fig. 16 is depicted on Fig. 22. With respect to the structure of Fig. 16, sensor 
coils 154, 155, applied field coil 152, and balance coil 186 are shown. For completeness of this 
exemplary circuit, power amplifier 192 is shown connected to amplifier 193 and monitoring 
resistor 194. The system is controlled by control 191. In this embodiment balance coil 186 need 
not be movable, and the residual field is cancelled by adjusting the gain and phase of amplifier 
193. 

In the past, measurements of liver iron concentration involving the cryogenically cooled 
SQUID systems typically used a "water bag" to help discriminate the signal from the liver from 
that of the overlying abdominal tissue. The magnetic susceptibility of the liver is only slightly 
different from that of the abdominal tissue (value close to that of water: -9 x 10" 6 SI units). The 
susceptibility contrast between the liver and the abdominal tissue is typically smaller than that 
between the air and the abdominal tissue. Hence the liver will appear as an anomaly in the body 
which is itself an anomaly in the surrounding air space. In biomagnetic susceptibility 
measurements, the susceptibility contrast between the abdominal tissue and the surrounding air 
produces a magnetic response which interferes with the measurement of the response due to the 
liver iron itself. In order to minimize this interfering signal, a bag filled with water is positioned 
to fill the space between the sensor and the surface of the patient's abdomen. The water, whose 
magnetic susceptibility is nearly the same as that of the abdominal tissue, essentially removes 
any magnetic susceptibility contrast at the outer surface of the abdomen, as if the entire magnetic 
measurement were being made in an environment filled with material of a constant magnetic 
susceptibility approximately equal to that of the abdominal tissue. The magnetic susceptibility 
measurement then responds primarily to the magnetic susceptibility contrast between the liver 
and the surrounding abdominal tissue. This magnetic susceptibility anomaly is due almost 
entirely to the iron in the liver. 

The room temperature instrument can also be used with a water bag, to remove the 
interfering signal from the abdomen. Since reciprocation of the sensor coil toward and away 
from the sample or patient, as shown in Fig. 8, has been found to be a way to achieve the 
required sensitivity for accurate liver iron measurement, a water bag design which can be used 
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with the sensor embodiments of this invention is configured to accommodate this reciprocating 
action. This will be discussed below in conjunction with the description of Fig. 10-14. 

Ancillary Hardware and Method of Use: 

Fig. 6 shows detector assembly 10 and the interface assembly components attached 
thereto. Preferably, an induction coil sensor in one embodiment with the concentric loop coil 14 
shown in Fig. 5, or the gradiometer coil sensor unit 151 shown in Fig. 15, can be used as the 
magnetic sensor. 

A phase sensitive detector measures the component of the output of the magnetic sensor 
that oscillates in phase with the AC applied field. A Fourier transform analyzer calculates the 
component of the output of the phase-sensitive detector that oscillates in phase with the 
modulation of the sample-sensor distance. This provides a way to distinguish the signal of 
interest from the low-frequency noise caused by thermal drifts. The function of the phase 
sensitive detector can be performed by a lock-in amplifier, and the function of the Fourier 
transform analyzer can be performed by a spectrum analyzer. Preferably, either or both functions 
can be performed on a computer. 

A signal source is used to generate an AC signal of between 25 Hz and 2 kHz. This 
signal, amplified by an audio frequency amplifier, provides a constant amplitude oscillating 
current through the applied field coils on the detection head assembly. 

Fig.7 shows the computer analyzer and control functions which process response signals 
from sensor 24, and output information regarding the concentration of paramagnetic materials in 
body organs. In the Fig. 7 embodiment the computer integrates and controls all instrument 
functions, including the modulation of the sensor-sample distance, the generation of the AC field 
coil current, and the processing of the magnetic sensor outputs to determine the magnetic 
susceptibility of the sample. The computer can be a personal computer with the required 
functioning signal cards and processors included. The motor indicated in Fig. 7 is preferably 
used to move the detector assembly toward and away from a patient's tissue area of interest. The 
fast Fourier transform analyzer is used to resolve the variation of the received signal which is 
synchronous with this motion. The waveform synthesizer is used to generate an AC signal, 
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which is then amplified by the power amplifier to generate an AC current for the applied field 
coil. The waveform synthesizer function can be incorporated by the computer. The AC signal 
can have frequencies up to around 2,000 Hz, preferably avoiding harmonics of the power line 
frequency. The AC signal can be synchronized with the power lines, at a frequency 
commensurate with the power line frequency, in order to minimize noise due to the power lines. 

Actual output from the computer can be a data storage device, a video display of useful 
medical information, or a connection to a computer system network. 

A single medical instrument unit as shown in exemplary form in Fig. 8 as unit 100 
incorporates the magnetic sensor control electronics, a motor/crank rod arrangement, as an 
example, for oscillatory movement of the distal end detector assembly, the waveform synthesizer 
and power amplifier, a lock-in amplifier, and a spectrum analyzer or equivalent computer device 
for signal analysis. Probe instrument 100 is shown with elongated positioning arm 130 wherein 
detector assembly 10 is mounted at distal end 1 10 of the arm. The distal end has motor 125 
mounted within it, with the required oscillatory drive members 120 that move detector assembly 
1 0 toward and away from the patient. 

The patient is shown on a non-metallic table. Detector assembly 10 is positioned over the 
tissue area of interest, such as the patient's abdomen region where the liver is located. The 
detector assembly has the sensor mounted to reciprocating member 120 located within arm 1 10 
that moves detector assembly 10 translationally toward and away from the distal end of the head 
member, the motion preferably being between one and six inches. The reciprocating action rate 
typically is in a range between around 0.5 to 10 hertz, such that modulation of detector assembly 
10 filters out signal noise caused by temperature drifts in the applied field coils. 

Reciprocating member 120 within the arm of probe instrument 100 allows modulation of 
the distance between the examined tissue and detector assembly 10, as explained above. The 
reciprocating member is made of nonmagnetic materials. In use, a water bag, further detailed in 
Figs. 10-14, may be placed between detector assembly 10 and the patient for the purposes 
previously described. 

Analysis is performed on the signal detected by the sensor to provide output information 
corresponding to the magnetic susceptibility of the liver. The concentration of iron in the liver 
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can then be calculated from well established studies that directly relate liver iron susceptibility 
with liver iron concentration. The output of the instrument, in the form of liver iron 
concentration, can be displayed in ranges that extend from as low as about 30 micrograms per 
milliliter and to as high as the highest concentration found in patients with severe iron overload. 

Variations to the apparatus of Figs. 1-8 may include one or more of those discussed 
below. Modulation of the distance between the sample and the detector assembly can improve 
the signal-to-noise ratio of magnetic susceptibility measurements on any type of sample (that is, 
including samples other than the human body). 

Variations to the invention include the methods and apparatus wherein modulation of the 
sample-sensor distance improves the signal-to-noise ratio of magnetic susceptibility 
measurements for the detection of ferromagnetic foreign bodies (FFBs) within the eye, brain, or 
body of a patient. 

The instant invention describes an applied-field coil configuration, as shown in Fig. 5, 
consisting of two concentric circular loops carrying currents in opposite directions, in which the 
diameters and number of turns in the two loops are adjusted so as to cancel the magnetic field at 
the common center of the two coils. This applied-field coil design may be used in other types of 
magnetic susceptibility measurements. Similarly the applied-field coil and gradiometer sensor 
coil design shown in Fig. 15 may be used in combination with electrostatic shielding in other 
types of magnetic susceptibility measurements. 

In particular, the concentric-loop coil design (Fig.5) may be used with the apparatus and 
methods described in patent 5,842,986 for the detection of FFBs within the eye, brain, or body of 
a patient. The use of the concentric-loop coil would increase the magnetic susceptibility 
response of FFBs located deep below the surface of the patient's face, head, or body. 

Measurement of appropriate magnetic-field gradients, or alternatively, the mapping of the 
magnetic-susceptibility response as a function of position, in order to compute the location of the 
FFB within the host, may be employed for the detection of FFBs in the eye, brain or body. This 
spatial mapping or magnetic gradient measurement may be achieved either by using an array of 
more than one magnetic sensor, or by using a single magnetic sensor and moving the detection 
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unit (applied field coils and magnetic sensor). Either approach may be used in conjunction with 
the concentric-loop applied field coil configuration shown in Fig. 5. 

The applied-field coil design of Fig. 5 may be modified to accommodate an array of more 
than one magnetic sensor. To reduce the noise produced by variations in the applied magnetic 
field, it is desirable to ensure that the field is as small as possible at the location of each magnetic 
sensor. The concentric-loop coil described above cancels the magnetic field at a single point, the 
common center of the concentric loops. If the radius of the inner coil is decreased slightly in 
relation to that of the outer coil, or if the current in the inner coil is increased slightly in relation 
to that of the outer coil, the magnetic field will be canceled not at a single point, but along a 
circle concentric with the two loops. Multiple sensors may then be placed at different locations 
on this circle, and the applied magnetic field will be canceled out at the location of each sensor. 
This arrangement makes possible the simultaneous measurement of the magnetic field response 
at multiple points in space. 

As an alternative, the noise produced by applied-field variations may be minimized by 
measuring differences in the magnetic field between two or more magnetic sensors, as long as 
the magnetic sensors are positioned within the applied-field coils in such a way that the applied 
magnetic field is the same for each of the sensors. Such a result may be achieved with an applied 
field coil consisting of a circular loop, or multiple concentric loops, by placing each of the 
magnetic sensors at the same distance from the center of the loop(s). 

Moreover, the applied field coils of the concentric coil design shown in Figs. 4 and 5 can 
have differing dimensions and configurations to perform measurements at other tissue regions in 
the body. Also, switchable configurations of the applied field coil connections can be controlled 
by the computer, allowing for adaptive control of the instrument for multiple examining 
capabilities. 

The prior art water-bag method to eliminate background tissue response was described in 
the background discussion and is shown in Figs. 9A and 9B above. The present invention 
incorporates an improved water-bag method which increases the accuracy of the apparatus of 
Figs. 1-8. The present invention overcomes the disadvantages of the conventional water-bag 
technique. 
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With reference now to Figs. 10 and 1 1, in this innovative technique the water bag does 
not expand and contract as the sample/sensor distance is changed. Instead, barrier plate 1 1 1 
presses water bag 113 against the patient's abdomen to fill in any gaps between the barrier and 
the patient's body. This arrangement effectively replaces the air-tissue interface, the shape of 

5 which varies according to the outline of the patient's body, by an air- water interface which has a 
shape determined by the fixed barrier and is thus the same for every patient. An example of a 
structure for applying pressure to plate 111 and thereby pressing the water bag onto the patient to 
mold with the irregularities of the patient's body, is shown schematically in Fig. 21 . Patient 202 
is on table 201, with water bag 203 secured to plate 204 and pressed down by apparatus 205. 

10 Many possible mechanisms could be employed and as an example, motor 206 is shown movably 
coupled to a linear ratchet 207. Apparatus 205 is coupled between the motor and the plate. 
Sensor unit 21 1 is mounted for vertical motion, as previously described, to arm 212 of stable unit 
213. Motive means for this purpose is represented by block 214. 

To make a magnetic susceptibility measurement, sensor unit 1 14 (Fig, 10) is placed near 

15 the fixed barrier, on the opposite side of the barrier from the patient's body. The sensor unit is 
moved periodically toward and away from the barrier, as indicated by arrow 115. The height 
adjustment of the plate and the reciprocating motion of the sensor should be linked together in 
such a way that the distance of closest approach between the reciprocating sensor and the water- 
bag plate remains constant, and that such closest approach be maintained substantially constant. 

20 This sensor motion provides a periodic variation in the output of the sensor unit, whose 

amplitude is proportional to the magnetic susceptibility response of the material behind the fixed 
barrier, This magnetic susceptibility signal has a contribution from the iron in the liver and a 
contribution from the water bag and body tissues. The strategy is to configure the water bag and 
the sensor unit so that the tissue/water-bag contribution is the same for all patients. 

25 In this arrangement, the susceptometer effectively sees a certain volume of material, 

bounded by the fixed barrier. Within the region that contributes significantly to the magnetic 
susceptibility measurement, all of the space on the other side of the barrier is filled either with 
water, or with body tissue having a magnetic susceptibility close to that of water. The magnetic 
susceptibility response due to the water bag plus body tissues is thus approximately equivalent to 
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that of a volume of water that occupies the same space as the water bag plus the patient' s body . 
On the side adjacent to the sensor unit, this volume is bounded by fixed barrier 111. This surface 
is the same for all patients. On all other sides, this water-filled volume is bounded by free 
surfaces 1 17 of water bag 1 13 and the patient's body. These surfaces will, of course, vary 
according to the shape of the patient's body, and how the water bag is being squeezed between 
the barrier and the patient's body. However, this variation will not significantly affect the 
magnetic susceptibility measurement, as long as the sensor unit is designed so that almost all of 
the measured response comes from a region that lies well inside these free surfaces. To make 
sure that this is the case, a number of design parameters can be adjusted, including the diameter 
of the applied-field coils, the geometry and placement of the magnetic sensors, the width of the 
fixed barrier and the volume and area covered by the water bag. (See Figs. 4-6, 8 and 10-14.) It 
is also important to ensure that the water bag is sufficiently pliable to conform to the patient's 
body surface so that there are no air gaps in the critical region closest to the magnetic sensors. 

By suitably adjusting these design parameters, it can be ensured that the magnetic 
susceptibility response from the water bag and body tissues is approximately the same for all 
patients. This contribution can then be evaluated ahead of time, as shown in Fig. 1 1 , by making 
magnetic susceptibility measurements using a suitable water-filled phantom 1 16 in place of the 
patient's body. (A simple cylindrical container with a radius of curvature reasonably close to 
that of a typical patient's abdomen is sufficient.) Contours of constant sensitivity are represented 
by dashed lines 1 1 8. Once this water/tissue reference signal or background correction has been 
determined, it can be subtracted from the response obtained from a given patient, as in Fig. 10. 
The remaining magnetic susceptibility signal will be mainly due to the iron in the liver in cases 
where iron in the liver is being tested for. 

The water bag thus has a different function in the present invention than in prior art. In 
previous water-bag methods, the water bag expands as the patient is withdrawn from the sensing 
apparatus, so that the body is effectively replaced by an equivalent volume of water, effectively 
eliminating the signal due to the air-tissue interface. In the present invention, the function of the 
water bag is not to expand while the patient is withdrawn, but simply to replace the variable 
shape of the patient's body with a constant, standardized shape defined by the barrier. As a 
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result, the signal due to the air-tissue interface is not eliminated, but replaced by a constant 
background signal that is the same for all patients. 

Fig. 12 shows one possible embodiment of the water bag. This design uses a thin elastic 
membrane 121 sealed at the edges 122 to generally rigid plate 111. The water is enclosed in the 

5 space 1 13 between the membrane and the plate. The membrane is configured to be thin enough 
to conform to any indentation in the patient's body, but thick enough to avoid leaks or tears and 
to keep the water bag from bulging too much under the weight of the water itself. It should be 
strong, pliant and somewhat stretchable in two dimensions. Latex rubber approximately 0.02" 
thick works well and other materials having the required characteristics could be used. The 

10 barrier plate itself is made of any suitable non-magnetic, non-conductive, substantially rigid 
material. Examples are transparent plastic and shatterproof glass. Visual transparency is 
preferred but is not necessary. It could be a relatively rigid plate that is machinable. Although 
the term "water bag" is used to refer to the pliable membrane attached to the plate to form a 
container, the liquid therein need not necessarily be water. It only needs to be a material such as 

15 a liquid or another deformable substance, such as a gel, having a magnetic susceptibility 
substantially equivalent to that of water, which matches that of human body tissue. 

In the embodiment shown in Fig. 12, the fixed, substantially rigid barrier forming the top 
of the water bag is a flat plate. However, the fixed barrier may also have other shapes. One 
possible shape is shown in Fig. 20. Here, top plate 137 flares up at each end to provide room for 

20 the patient's shoulders and hips. Water bag 136 functions as previously described and the sensor 
apparatus may operate in accordance with the Fig. 10 embodiment or the Fig. 13 embodiment. 
Barrier plate 111, 137 could be formed with any suitable contours, as long as it and the water bag 
with which the plate functions provide the necessary effect. That effect is, as previously stated, to 
create an interface with the patient that the sensor perceives as being the same for all patents. It is 

25 only necessary that the plate be substantially rigid in that portion which must remain stable and 
non-deformed between the sensor and the patient, and that portion which is connected to a means 
for applying downward pressure to the plate. The plate or barrier is relatively thin so that the 
sensor can be brought as close as possible to the organ being tested. The liver, for example, is 
normally 15-20 mm below the abdominal skin surface. It is preferred that the top of the plate be 
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0.2-1.0 cm from the skin. The sensor, at its lowest point, will be preferably 0.5-3 mm above the 
plate, but it could be as much as 0.5 cm at its lowest point. 

Yet another embodiment of the water bag is shown in Fig. 13 A. Barrier 135 is set back 
from the patient's body by a suitable distance, which is preferrably in the range of 1-3 inches. 
5 The bottom surface of water bag 1 34 is formed by a thin, flexible elastic membrane such as a 
latex sheet. The sides of the water bag are defined by a flexible bellows, which presses down 
onto the surface of the patient's body. This embodiment, like previous water-bag designs, uses a 
bellows to define the sides of the water bag. However, in previous designs, the bellows expands 
as the patient is withdrawn from the susceptibility sensing instrument. In the present invention, 
10 however, the bellows serves only to match the rim of the water-filled enclosure to the irregular 
curved shape of the patient's body. The water bag then functions, as described above, to replace 
O the variable shape of the patient's body with a standard shape. 

An alternative method of using a water bag is shown in Figs. 1 3 A and 1 3B. The method 
^ described above is useful when the output of the magnetic susceptibility measurement is 
N 15 sufficiently stable over time, so that the signal from a standard phantom can be measured, and 
S then subtracted from the signal obtained from each patient. If there are drifts in the output of the 
1, sensor unit, these drifts must be slow enough to permit measurement of the standard phantom, set 
W up and measure the patient, and then recheck the standard phantom. The method of moving the 
Hi sensor unit periodically toward and away from the patient does a great deal to minimize drifts in 
2 20 the sensor output. However, even with this reciprocating-motion technique, there sometimes 

occurs a subtle, but persistent drift in the output of the magnetic susceptibility measurement over 
time. To combat this residual drift the reciprocating-motion technique is combined with an 
expanding-bellows water bag. 

In Figs. 13A and 13B, sensor unit 131 moves up and down (arrow 133) periodically 
25 inside enclosure 132. In this case, however, the entire measurement assembly, consisting of the 
sensor unit, the motion mechanism, plate 135 and fixed outer enclosure 132, is mounted on a 
slide mechanism, so that it can be moved up or down, toward or away from the patient 112. 
Filling the space between this enclosure and the patient is water bag 134 with an expandable- 
bellows, somewhat similar to those used in conventional biomagnetic susceptometers. 
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To determine the magnetic susceptibility response of the patient, the process starts with 
the bellows substantially collapsed (Fig. 13 A), and the water in the water bag filling any gaps 
between the patient and the fixed enclosure. A magnetic susceptibility measurement is made as 
described earlier, moving the sensor unit periodically up and down within enclosure 132, and 
5 recording the periodic change in the amplitude of the AC magnetic field at the sensor. The entire 
measurement unit is then moved up away from the patient (Fig. 13B), adding water to the water 
bag so as to fill in the space between the patient and the outer enclosure of the sensing unit 
Another magnetic susceptibility measurement is immediately made using the same reciprocating 
sensor motion technique, and the result of this second measurement is subtracted from that of the 
10 first measurement. This measurement sequence permits the drifts in the sensor output to be 

subtracted out more effectively, because it can be performed relatively rapidly, without having to 
O move the patient between the two measurements. 

|S In effect, this method is a double-modulation technique. The bulk of the drift is first 

m removed by reciprocating the sensor unit at a frequency near 1 Hz, and monitoring the amplitude 
^ 15 of the resulting periodic modulation of the sensor output. Any remaining drift is then removed 
O by comparing two such measurements, one with the sensor assembly next to the patient and one 
□ with the sensor assembly moved away from the patient. 

J{ This double-modulation technique differs from the previous water-bag method in two key 

respects. First, it involves the simultaneous use of two types of motion, the reciprocating motion 

jjj 20 of the sensor unit at a frequency near 1 Hz, and the withdrawal of the entire sensing instrument 
from the patient over a period of several seconds. The combination of these two motions serves 
to remove thermal drifts and other slow drifts in the output of the sensing instrument. This 
reduction of drift effects is potentially important for the room-temperature biomagnetic 
susceptometer. Second, the double-modulation technique described above involves moving the 
25 sensor unit, instead of the patient. This improvement, which is possible because the magnetic 
susceptibility measurement is made using an oscillatory magnetic field, can potentially reduce 
costs, by eliminating the need to place the patient on a bed that moves up and down. 

The discussion above focuses on the use of magnetic susceptibility measurements to 
determine concentrations of iron in the liver. However, this method can be used in any situation 
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where magnetic susceptibility measurements are used to detect magnetic susceptibility anomalies 
within a host. Examples of other applications may include the use of susceptibility 
measurements to detect ferromagnetic foreign bodies in the eye and brain, as well as the use of 
magnetic tracers to study motility and transit times within the gastrointestinal system. 

In the discussion above, the sensor unit is visualized as moving toward and away from 
the patient, in order to cancel out the effects of slow drifts in the sensor output. It is also 
possible, as shown in Fig, 14, to scan sensor unit 141 along surface 142 of the barrier 143, in 
order to map out the magnetic susceptibility response of the host. This technique is potentially 
useful, for example, in the detection of ferromagnetic foreign bodies. This scanning technique 
may also be useful in liver iron measurements, as a way of mapping out the susceptibility 
response of surrounding tissues, such as the lung. In this context, water bag 144 removes 
variations in the magnetic susceptibility response due to the irregular shape of the outer surface 
of the patient's body 1 12, permitting detection of localized peaks in the magnetic susceptibility 
response that indicate the presence of ferromagnetic foreign bodies below the surface. 

Either the concentric coil design of Figs. 4 and 5, the parallel-sheet coil design of Figs. 1 
and 2, or the gradiometer coil design of Fig. 15, may be used as sensor unit 141 to scan the 
surface of a sample as shown in Fig. 14 for magnetic anomalies that may indicate the presence of 
ferromagnetic foreign bodies. 

The probe instrument of this invention allows for precision determination of 
concentration of paramagnetic materials in a body organ, in particular, the liver. The water-bag 
structure enables the instrument to provide rapid and accurate readings by quickly eliminating 
background tissue response. Several embodiments of the invention have been described above. 
It is likely that modifications and improvements will occur to those skilled in this technical field 
which are within the scope of the appended claims. 



\\SBSERVER\CUENT\1502\088CON\PATENT APPLICATION DOC 



-33- 



